Objective: The measurement of serum testosterone in women is challenging due to lack of trueness, precision, and sensitivity of various available testosterone assays. Accurate assessment of testosterone in women is crucial especially in conditions associated with alleged over-or under-production of testosterone, such as in polycystic ovary syndrome (PCOS) or primary ovarian insufficiency (POI). The aim of this study was to measure and compare androgen concentrations in women with PCOS, POI, and female controls and to evaluate the performance of extraction RIA and liquid chromatographytandem mass spectrometry (LC-MS/MS) in these women. Design: Cross-sectional study. Methods: Carefully phenotyped women with POI (nZ208) or PCOS (nZ200) and 45 healthy, regularly cyclic female controls were included. Method comparison analyses were performed for total testosterone, androstenedione (AD), and DHEA, as measured by LC-MS/MS and extraction RIA. Results: All androgen levels were significantly elevated in women with PCOS compared with POI patients (P!0.05) and controls (P!0.05). Women with POI presented with similar androgen concentrations as controls, except for AD. Compared with measurements by extraction RIA, testosterone, DHEA, and AD concentrations measured by LC-MS/MS were systematically lower. However, using extraction RIA and LC-MS/MS, testosterone, DHEA, and AD measurements were shown to have good agreement as assessed by Bland-Altman analysis and intraclass correlation coefficient: 0.95 (95% confidence interval 0. 94-0.91), 0.83 (0.79-0.86), and 0.96 (0.95-0.97) respectively. Conclusions: LC-MS/MS, compared with a labor-intensive extraction RIA, shows good precision, sensitivity, and high accuracy for measuring female testosterone, DHEA, and AD concentrations under various clinical conditions. LC-MS/MS, therefore, represents a convenient and reliable assay for both clinical and research purposes, where androgen measurement in women is required.
Introduction
The measurement of serum testosterone has proven to be a great challenge due to lack of precision and sensitivity of various commercially available testosterone assays, resulting in limited utility (1) . Testosterone assays were originally developed to measure testosterone concentrations in the normal male range (2) . However, women exhibit testosterone levels well below this range, and therefore, reliable measurement of female testosterone concentrations is particularly problematic due to trueness and precision problems (3) .
In women of reproductive age, 25% of testosterone biosynthesis occurs in the ovarian theca cells. Another 25% is produced by the adrenal gland, and the remaining 50% of circulating testosterone derives from peripheral conversion of testosterone precursors (DHEA and androstenedione (AD)). DHEA and its sulfate metabolite (DHEAS) are exclusively produced by the adrenal glands, whereas AD is produced by both the adrenal and the ovary (4, 5) . Most circulating testosterone is biologically inactive as it binds to serum proteins, primarily sex hormone-binding protein (SHBG) and albumin (2, 6) .
The most widely used methods for measuring serum testosterone are the simple, relatively inexpensive RIA and chemiluminescence immunoassay, performed directly in serum. Although the immunoassays show average good precision, they often show more bias. This is especially true for the lower range, where they can be subject to increased interference and overestimation of steroid concentrations compared with other assays (7, 8) . Using extraction and chromatography methods preceding RIA has the advantage of removing interfering proteins and cross-reacting steroids. Although extraction RIA seems preferable over direct assays, it is infrequently used in clinical practice because proper validation is lacking and extraction is labor intensive and time consuming (1, 9, 10) . A commonly used practical approach to estimate bioactive testosterone is the calculation of the free androgen index (FAI). While FAI was shown to correlate quite well with physical separation measures of female free testosterone (not male), FAI is highly dependent on the quality of testosterone and SHBG assay measurements (2) .
In order to overcome these difficulties, tandem mass spectrometry (MS/MS) preceded by gas or liquid chromatography (GC-MS/MS and LC-MS/MS) assays for steroid measurement is emerging (11) . LC-MS/MS has some advantages over the use of immunoassays, especially compared with those performed on platforms. LC-MS/MS shows equal or better precision, and these assays do not suffer from interferences due to chromatographic separation and mass spectrometry analysis. Interferences can cause serious bias at low testosterone concentrations, which may be encountered in postmenopausal women and children. However, the high costs of mass spectrometry equipment may be a possible drawback for routine clinical use. Although LC-MS/MS assays show higher precision and better accuracy than immunoassays, there is still a difference in performance (sensitivity, specificity, and trueness) among LC-MS/MS methods and thus there is a need for standardization (12) .
Reliable assessment of testosterone in women is crucial for the diagnosis of conditions associated with alleged overproduction of testosterone such as in polycystic ovary syndrome (PCOS), or conditions that may incur androgen deficiency, such as postmenopause, oophorectomy, or primary ovarian insufficiency (POI) (13) (14) (15) . However, analysis of serum testosterone by commercial assays fails to identify biochemical hyperandrogenism in 20-40% of women with PCOS, while hyperandrogenism is one of the criteria on which the diagnosis is based (16, 17) . Moreover, female androgen insufficiency remains controversial due to the lack of reliable serum testosterone assays to define this condition (10) . Clinical guidelines concerning indications for androgen therapy in case of hypoandrogenism cannot be established (18) . These examples illustrate the need for a reliable testosterone measurement, which is easily available at reasonable cost for both clinical and research purposes.
The current study was aimed at evaluating the measurement of testosterone and other androgens by LC-MS/MS in comparison to measurement by extraction RIA in women with normal and presumably elevated and decreased androgens.
Materials and methods

Subjects
In 2004, a study involving standardized phenotyping and follow-up was initiated in the University Medical Center Utrecht, The Netherlands, in which all women suspected of menstrual cycle disturbance and referred to our outpatient clinic participated. Details of the systematic evaluation, approved by the local ethics committee, have been described previously (19, 20) . For the current study, 169 women with POI and 200 women affected by PCOS, who visited the outpatient clinic until July 2009, were included. POI was defined as secondary amenorrhea for at least 4 months in women younger than 40 years, along with repeated FSH concentrations exceeding 40 IU/l (21) . PCOS was diagnosed according to the Rotterdam consensus criteria if at least two of the following criteria were present: i) oligo/anovulation, ii) clinical and/or biochemical hyperandrogenism (testosterone O2.0 nmol/l, assessed by our in-house extraction RIA), and/or iii) polycystic ovaries on ultrasonography (17) . Additionally, 39 women with POI visiting four other centers (participating in the Dutch POI Consortium (20, 22) ) were also included in the current study.
As controls, 45 women visiting the preconceptional clinic prior to starting IVF/ICSI treatment because of severe male infertility between October 2006 and July 2008 were included. Severe male infertility was defined as semen analysis with volume!concentration!motility below 2.0 million. All women were healthy and experienced regular menstrual cycles. Exclusion criteria were PCOS, previous poor response after ovarian hyperstimulation, age O38 years, early follicular FSH concentrations O12 U/l, and thyroid dysfunction. All included study subjects gave written informed consent.
Measurements
Serum samples were collected during the early follicular phase of the menstrual cycle in women with regular cycles. In case of a cycle disturbance, samples were drawn at a random cycle day and a progesterone concentration was measured concomitantly to ensure preovulatory state. None of the women had used any hormonal medication for at least 2 weeks. After collection and aliquoting, one fresh sample was analyzed immediately while the remaining aliquots were stored at K20 8C. In Utrecht, the fresh testosterone measurement was performed using an in-house extraction RIA, after diethylether extraction of 500 ml sample, using a polyclonal anti-testosterone antibody (Dr Pratt AZG 3290, Department of Nuclear Medicine, University Medical Center Groningen). (1, (2) (3) H(N))-testosterone (NET-387, DuPont NEN B.V., Dordrecht, The Netherlands) was used as a tracer following chromatographic verification of its purity. A small amount of recovery tracer was added to the sample to correct for losses during extraction. The lower limit of quantification (LLQ), i.e. the concentration that can be determined with 20% coefficient of variation (CV; estimated from a precision profile), was 0.10 nmol/l and inter-assay variation was 10, 6, and 7% at 0.85, 2.6, and 12 nmol/l respectively (nZ100). Intra-assay CVs at 2 and 10 nmol/l were 3.8 and 3.5% respectively. There was no interference detected from dihydrotestosterone, AD, and DHEA. Recent comparison of the in-house method with a dilution liquid (ID)-GC/MS method using 20 human serum samples of the Dutch EQAS gave the following correlation: RIAZ1.13!(ID-GC/MS)C0.33 nmol/l (tested range was 0.8-33 nmol/l; 95% confidence limit of the slope: 1.04-1.20 and of the intercept: K1.04 to 0.91) (23) . Furthermore, the following measurements were performed on fresh serum for women with POI and PCOS: estradiol (E 2 ), SHBG, DHEA, DHEAS, and AD. E 2 concentrations were measured using the Roche E170 Modular (Roche). SHBG concentrations were quantified using an Immulite platform (Diagnostic Products Corporation, Breda, The Netherlands). DHEA was measured after diethylether extraction and Celite chromatography using an in house RIA. DHEAS was measured using the Coat-A-Count DHEA-SO 4 RIA (Siemens Diagnostics, Breda, The Netherlands). AD was measured after hexane-toluene extraction using an in-house RIA. Interassay CVs for E 2 were 13, 5.7, and 3.4% at 66, 200, and 600 pmol/l (nZ100) respectively; for SHBG 4.2, 3.9, and 4.4% at 10, 36, and 120 nmol/l (nZ93) respectively; for DHEA 7.7, 7.6, and 8.8% at 1.4, 4.2, and 12.5 nmol/l (nZ29) respectively; for DHEAS 8.5, 5.5, and 6.8% at 1.3, 5.3, and 12.8 mmol/l (nZ60) respectively; and for AD 11.5, 5.7, and 6.7% at 1, 5 and 11 nmol/l (nZ50) respectively. Intra-assay CVs for DHEA were 9 and 5% at 5 and 20 nmol/l, respectively; for AD, it was 4% at 7 nmol/l. For E 2 , DHEAS, and SHBG, the intra-assay CVs were within the assay documentation. Testosterone, AD, and DHEA were calibrated against gravimetrically determined quantities of pure standard in steroid-free BSA. For the other assays, we used the calibration of the immunoanalyzers. All measurements were performed in duplicate. The reference range for cycling women in this laboratory were the following: for testosterone: 0.50-2.00 nmol/l, for DHEA 10-30 nmol/l, and for AD: 3.0-7.0 nmol/l. Serum SHBG concentrations were also measured in female controls, using identical assays.
Testosterone, AD, and DHEA were also measured in each individual sample at the CPR Pharma Pty Ltd Laboratory, organized by the University of Adelaide, Australia. Frozen aliquots were sent to Australia and thawed just before use. Testosterone, AD, DHEA, internal standards (d 3 -testosterone (IS-testosterone), and 19-d 3 -androstenedione (IS-AD)) were extracted using liquid-liquid extraction with hexane-dichloromethane solvent mixture. The analytes were separated by HPLC on an Alltima HP C18HL column, and the eluates were monitored by an API5500 MS/MS detector in positive multiple reaction monitoring (MRM) mode. The single charged Q1/Q3 transition is 289.3/96.9, 287.1/97.0, and 289.2/253.2 amu for testosterone, AD, and DHEA, respectively, and 292.2/97.0 and 290.2/100.0 amu for IS-testosterone and IS-AD respectively (see Supplementary Figure 1 , see section on supplementary data given at the end of this article). The extract was then assayed against a calibration curve, and data were acquired and processed by the data acquisition system, Analyst 1.5 linked directly to the API5500 MS/MS detector. The method's detection range is from 0.175 to 69.6 nmol/l for testosterone and AD and 4.34-1740 nmol/l for DHEA. Measurements were performed in duplicate. Accuracy for testosterone against nine validated pure standards was assessed as above and ranged from K2.0 to C3.8% across the complete standard range (eight replicates) and between K2.0 and C1.6% in the range 0.173-3.47 nmol/l. Precision for testosterone ranged between 1.5 and 7.5% across the whole range and was 1.5-9.3% between 0.173 and 3.47 nmol/l. Results were similar for all analytes measured. The following inter-assay CVs were identified: in controls: 5.6% (testosterone), 8.4% (DHEA), and 6.4% (AD); in PCOS: 4.3% (testosterone), 5.9% (DHEA), and 4.5% (AD). The limit of detection was determined by repeated measures of the three lowest standards used in the assay. A precision dose profile was established and statistical significance between the standards shown by clear separation of the doses. The run time was 10 min per sample.
FAI was calculated for both testosterone measurements: testosterone/SHBG!100 (24) using the SHBG measurement performed in Utrecht.
Statistical analysis
Median values and range for each individual group of women were compared using one-way analysis of covariance and Bonferroni post-hoc tests for significance, correcting for age and body mass index (BMI; possible confounders) (25) . Method comparison analyses were performed by constructing scatter plots and Bland-Altman plots to evaluate the extent to which testosterone, DHEA, and AD measurements agreed in both methods. Bland-Altman plots show the percentage difference between two corresponding measurements plotted against the measurements' mean.
For all Bland-Altman plots, the mean percentage difference between the methods (mean bias) with associated 95% confidence intervals (CIs) and limits of agreement (G2 S.D.) were calculated. Intraclass correlation coefficients (ICC) with 95% CIs were calculated for testosterone, DHEA, and AD. Large ICC (maximum 1) indicates that variation between both assays is equal to zero (perfect agreement) (26, 27) . Because androgen concentrations were not normally distributed, logarithmic transformation of variables was applied before execution of analyses. When testosterone or DHEA concentrations were undetectable, 0.5!LLOD was used (28) .
To further compare the performance of extraction RIA and LC-MS/MS for the measurement of testosterone, DHEA, and AD in this population, correlations between various androgens and E 2 were assessed. To this end, linear regression analyses were performed, where testosterone (RIA) and testosterone (LC-MS/MS) were entered separately and similarly repeated, entering the variables in the opposite order. Univariate standardized b coefficients with associated S.E.M. are reported. Larger univariate standardized b coefficients represent stronger associations with the steroids. Univariate standardized b coefficients of both testosterone assays were compared using a bootstrapping procedure with 2000 replications, because both testosterone measurements were performed in identical samples. 95% CIs were calculated to identify significant differences between the correlations with androgens and E 2 vs the testosterone measurements by RIA and LC-MS/MS assays. Identical analyses were performed for DHEA (RIA) and DHEA (LC-MS/MS), and for AD (RIA) and AD (LC-MS/MS). Statistical analyses were performed using SPSS 15.0 (SPSS, Inc., Chicago, IL, USA) and R version 2.9.0. (http://www.r-project.org/).
Results
Median concentrations of all measurements are shown per patient group in Table 1 . In women with PCOS, all hormone concentrations were significantly higher compared with those in POI patients and in controls, with exception of SHBG. Androgens (except AD), E 2 , and SHBG concentrations were similar for women with POI and controls.
The scatter and Bland-Altman plots for testosterone, DHEA, and AD measurements are depicted in Figs 1-3 . All scatter plots show high correlation between extraction RIA and LC-MS/MS with correlation coefficients of 0.960 for testosterone and AD and 0.830 for DHEA. The ICC for testosterone, DHEA, and AD were 0.95 (95% CI 0.94-0.96), 0.83 (0.79-0.86), and 0.96 (0.95-0.97), respectively, indicating good agreement between both extraction RIA and LC-MS/MS assays. It becomes evident from all Bland-Altman plots that the average percent difference (i.e. mean bias) in serum testosterone, DHEA, and AD levels between LC-MS/MS and extraction RIA were K31.5, K7.1, and K20.9% respectively. This indicates that LC-MS/MS yields significantly lower serum testosterone and AD results than extraction RIA, which may possibly be explained by interfering substances in the latter assay. In 24 (5.3%) of testosterone, 22 (6.0%) of DHEA, and 16 (4.4%) of AD, the differences between the methods were beyond the limits of agreement (mean difference G2 S.D.), with the majority of these outliers occurring in the lower concentration ranges. Small, insignificant differences may incur a great percentage difference when calculated in the low range, which is dramatically shown in a Bland-Altman plot. In conclusion, the Bland-Altman plots suggest that the two methods are in good agreement with testosterone, DHEA, and AD. Finally, correlations between testosterone, DHEA, and AD vs related steroids (i.e. other androgens and E 2 ) were calculated to identify whether the extraction RIA or the LC-MS/MS assays showed a difference in these associations (Supplementary Tables 1-3 , see section on supplementary data given at the end of this article). In general, most correlations were similar among the assays. The identification of some small significant differences indicates that the strength of the association increased when related steroids were measured employing the identical assay with which the original measurement was performed.
Discussion
In this study, the performances of LC-MS/MS and an in-house extraction RIA were compared for a broad range of androgen concentrations encountered in women of reproductive age, including the clinical conditions POI and PCOS. LC-MS/MS and extraction RIA demonstrated good agreement with the measurement of testosterone, DHEA, and AD, although LC-MS/MS gave significantly lower concentrations when compared with extraction RIA. Furthermore, similar correlations were identified in comparison with the association for each assay with other steroids. Therefore, LC-MS/MS, compared with a labor-intensive extraction RIA, shows good precision, sensitivity, and high accuracy for the measurement of androgens in women with PCOS, POI, and regularly cycling female controls.
Androgen concentrations for women with PCOS were significantly higher compared with female controls and women affected by POI, which confirms other recent studies applying LC-MS/MS (26, 27) . However, this is the first study to measure androgens with LC-MS/MS in women with POI. In this group, testosterone and DHEA concentrations were similar as female controls, while AD concentrations were significantly lower. In the existing literature, it is debated whether POI is associated with decreased androgen concentrations (14, (29) (30) (31) (32) (33) , and only one study presented with results similar to ours (34) . As previous studies only applied direct RIA, chemiluminescence immunoassays, and extraction RIA, conflicting findings most probably resulted from lower sensitivity, lack of specificity, or lower accuracy of these assays (10) . While decline of androgen synthesis may result from menopausal status, this has also been associated with increasing age (30, 35) . Therefore, the results of the current study support the concept that young women with POI encounter normal testosterone and DHEA concentrations, in contrast with women who experience menopause at a regular age. Currently, there is no explanation for the significantly lower AD concentrations encountered in women with POI. This finding needs further investigation.
MS after GC or LC is a relatively new technique for steroid sex hormone measurement and data on its applicability, particularly in the female sex hormone concentration range, are scarce. The LC-MS/MS assay in this study showed excellent precision and accuracy down to at least 0.173 nmol/l (precision K0.2%; accuracy 1.5% for authentic standards). This allows for a great deal of confidence in the reliability of an assay, which is completely specific for testosterone or other nominated steroid analytes. A study comparing LC-MS/MS with direct and extraction RIAs in normal and hypogonadal male subjects by Bland-Altman plots showed systematically lower results by LC-MS/MS (36) . Studies on female and pediatric samples confirmed this finding, while also identifying that LC-MS/MS showed greater accuracy in lower androgen concentrations than direct assays (37, 38) . This study included serum samples of women with PCOS, POI, and normally cyclic women. We identified good agreement between LC-MS/MS and the in-house extraction RIA (even for lower ranges encountered in POI) and slightly lower hormone concentrations reported after LC-MS/MS. Previous studies on the comparison of LC-MS with extraction RIA identified overestimation of extraction RIA between 20 and 80% in testosterone concentrations below 3.47 nmol/l (1 ng/dl), similar to our findings: between K0.2 and 63% (36) . We are cautious to generalize the agreement between extracted RIA and LC-MS/MS in the current study, because only two centers participated in the current study. But the results are in accordance with previous studies (36, 37, 39) , including a study on women with PCOS, which confirms that well-chosen RIA may offer equal precision and accuracy like LC-MS/MS (40) .
When examining the performance of extraction RIA and LC-MS/MS, it is important to include a clinical validation of the androgens measured by each assay. Ideally, correlation analyses should be performed with clear clinical endpoints, such as degree of hirsutism or presence of the female androgen deficiency syndrome. However, until now, clear clinical endpoints related to androgen concentrations cannot irrefutably be identified (40) (41) (42) . Therefore, the associations of androgens, measured by both assays, were compared with other physiologically related steroids (androgens and E 2 ). Our results indicate that for the two assays evaluated in this study, the correlations were similar and both assays showed equal performance.
The major strength of this study is the large sample size of well-phenotyped women with PCOS and POI, representing the broad spectrum of female androgen concentrations during reproductive life. Laboratory personnel at both sites were blinded for study design and identity of the samples. But this study may also have potential weaknesses. While all extraction RIA assessments were done in fresh samples, frozen samples were shipped to Australia before LC-MS/MS processing. However, previous studies on long-term stored samples identified that steroids are very stable after being isolated in the serum (43) . Furthermore, early follicular androgen concentrations in regularly cyclic controls may underrepresent androgen levels present during the middle third of the cycle (18) . Finally, the group of female controls was relatively small, which may have concealed potential differences in androgen concentrations compared with those in women with POI.
Although our results show that LC-MS/MS is a reliable alternative for measuring steroid sex hormones in women, its introduction into clinical or research practice may depend on several factors: costs of the LC-MS equipment, LC-MS expertise in laboratories, and future RIA development. The LC-MS is now introduced in many laboratories, but the methods designed on this analyzer should meet the same requirements (defined by the FDA or European Directive) like the commercial immunoassays. This means that the validation of an LC-MS/MS procedure, like the validation of extraction RIAs, has to be much more extensive than for commercial immunoassays, because LC-MS assays are mostly in-house-developed methods unlike already validated kits. Furthermore, inappropriate sample preparation and analyte detection may greatly influence the performance of LC-MS/MS and extraction RIA procedures, thus emphasizing the importance of validation. Extraction RIA may gain increased specificity if more specific antibodies are selected, and the method for the displacement of bound testosterone from its binding proteins is optimized (36) . If this occurs, new comparison studies with LC-MS/MS should be performed to assess whether the advantage of the high-throughput character of the latter assay is still preferable. Extraction RIAs may be highly reliable when appropriately validated, but the method is time consuming and costly (11) . Commercially available direct testosterone assays, although simple and convenient, are known for the general overestimation of steroid concentrations in women (36) . Both LC-MS/MS and extraction RIA lack this bias in the lower concentration range, although the extraction RIA needs to be recalibrated against proper standards. Proper validation will reduce the number of false positives and therefore reduce unnecessary medical examinations. LC-MS/MS is a promising new, accurate, sensitive, and high-throughput method for the measurement of sex hormone levels.
With the demonstration that LC-MS/MS, compared with a labor-intensive RIA, exhibits good precision, sensitivity, and high accuracy for measuring female androgen concentrations, a convenient assay has become available for clinical and research purposes. Reproducibility of the LC-MS/MS between different LC-MS/MS laboratories needs to be assessed to meet the performance criteria as is customary for new assays, before this assay will be adopted universally. The next phase in the introduction of LC-MS/MS should aim at obtaining highly true and precise reference values. These reference values could then be applied using other assays with same accuracy for normo-, hypo-, and hyperandrogenic women.
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